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TITLE OF TTTF, TMVi rNTlON 
FLUID FLOW MEA gT JREMKMT 
BACKGROUND Off THE INW.NTTr.ivr 

The present invention relates to the measurement and monitoring of fluid flow 
using optical fibres. 

The hot wire anemometer has been long known as a device for measuring fluid 
flow [1]. The device.comprises a thin wire typically a few millimetres long which is 
Placed orflrogonally to the direction of the flow to be measured. A voltage is applied 
across the wire, and the resulting current flow through the wire, which is inversely 
Proportional to the resistance according to Ohm's law, heats ore wire. This heat is 
transferred to the fluid a. a rate which is dependent on the flow velocity of the fluid, 
until a final equilibrium temperature of the wire is reached. The wire resistance 
depends on its temperature, so the current can be re.ated to the flow velocity. 
Measurement of me current can therefore be used to calculate the flow rate. 

The principle of the hot wire anemometer depends on the cooling effect of a 
flurd flowing pas, a heated object, so that a measurement of the temperature of the 
object, or a parameter related thereto, gives an indication of the rate of flow 

It is frequently useful to obtain measurements of the rate of flow of oil, gas and 
water within the well bore of an oil well. The hot wire anemometer is disadvantageous 
» this Nation. The device provides a single locafised measurement, where well 
bores can be hundreds or thousands of meters deep, with the fluid flow a. all or many 
depths being of interest. Further, i, is preferred no, to use electric current in oil 
mdustiy sensors because of the risk of erosion. Also, the Ann wire is fragile and 
hence unsuited to the rigours of me downhole environment. 



f 



In contrast, optical fibres are known to be well-suited for downhole sensing 
applications. They are robust enough to withstand the high temperatures and pressures, 
and operate without electric current. Distributed measurements can be obtained 
representing the whole length of a fibre, thus providing a more complete picture than 
5 individual discrete measurements. In particular, optical fibres have been shown to be 
of use for downhole temperature sensing. One technique detects changes in 
backscattered light from within the fibre caused by changes in temperature. 

Consequently, a number of flow measurement methods have been proposed 
which exploit the proven technology of optical fibre temperature sensing. A first 
10 technique [2] uses the cooling effect of flowing fluid exploited in the hot wire 
anemometer. A heater cable is disposed within a well bore, and is heated by current 
being passed through it. Optical fibres are arranged adjacent to the cable, and operate 
as temperature sensors to measure the temperature of the heated cable as it is cooled 
by flowing oil. This gives a temperature profile over the extent of the cable, from 
15 which the fluid flow is determined. Thus a distributed measurement is possible, but the 
cable-fibre structure is bulky and awkward to fabricate, in part because of the need for 
adequate electrical insulation. Also, the accuracy of the measurements relies on 
providing good thermal contact between the cable and the fibres. 

A further technique relies on the transfer of heat from a heat source to the fluid 
20 [3]. A thermal sensor, which may have the form of an optical fibre, is arranged 
downhole adjacent to a thermal source. The source is heated, and the sensor is used to 
measure changes in the fluid caused by the transfer of heat to the fluid. The flow rate 
is calculated from the amount of heat transferred. This two-part arrangement of sensor 
and source is complex to deploy, operate and maintain, and the results require the 
25 distance between source and sensor to be considered. 

A similar arrangement of equipment is used in a more recent approach which, 
however, is less mathematically complex [4]. A fibre temperature sensor is deployed 
in the well bore together with a heat exchanger arranged upstream with respect to the 
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Arecuon of oil flow. A quantity of oU is heated or cooled by the heat exchanger, and 
tte temperahue sensor detects the presence of this oil a. two or more positions as i, 
flow, np the here. From this, the flow ve,ocity is calculated. This is a shnple approach 
but reounea the heat exchanger* be arranged in the passage of the oil, which then can' 
disturb the flow. 

An alternative method relies in the iong term only on a fibre temperature 

sensor, wth no other downhole equipment being quired [5]. However, a firs, step in 

Ate meflrod uses dedicated conventional flow measurement means such as spinner or 

Ventun methods ,o obtain localised flow measurements, a. the same time as 

measunng the temperature profile of the well using the fibre. This provides a 

cahbrahon relating temperature to flow from which a model is derived.' Subsequently 
the mo del is ^ to flow ^ ^ ^ 

method is mathemaficauy intensive, because many parameters describing me well are 
required to obtain an accurate model. 

Hence there is a requirement for an improved method of monitoring flow 
using simple apparatus. 
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Accordingly, a firs, aspect of the present invention is directed ,o a method of 
monnoring fluid flow comprisillg: _ ^ ^ ^ 

5 coating; disposing ft. optical fibre so fta. the beatable coating is in flrermal contact 
wtth flown* fluid; heating Are heateble coating so that heat is tiansferred from the 
coating to the fluid; .annching Hgh, into the optical fihre; detecting light from the 
optica, fibre; processing me detected Ugh, ,o obtain information indicative of me 
Ratine of me beatable coating, where tire temperature of the beatable coating 
.0 depends on me flow; and using me intonation indicative of the temperahue of me 
heatable coating to derive information about the flow. 

Provision of a heateble coating on an optical fibre allows i, ,o be used as a 
particularly simple fluid flow monitor, by exporting me principles of me ho, wire 
anemometer, in which the temperatore of a heated element is used ,o determine fluid 
flow velocity by relying on cooling of the heated elemen, by me flowing fluid The 
fibre „se„is used as a temperature sensor to measure me temperature of the coating 
The resulting device is compact, particularly when compared to known optica, fibre- 
based systems; tins is a valuab.e featine in a flow measuring device because a buflcy 
devrce tends «o disrup, the flow being measured. Tbe fibre is a.so robus, and wen able 
20 to wrthstend me environmental rigours of p,aces snch as oil wells, in which flow 
measurement of oil, gas and water are of great importance. No complex calculations 
or measurement of external parameters are required, tostead, the coating temperature 
» measure* using optical signals transmitted aiong me fibre, and monitored for 
changes which indicate ma, an alteration in flow (desirable or undesirab.e) has 
25 occurred J 

The method is generally applicable ,o monitoring and measuring various fluid 
and flow characteristics. For example, the temperatore of me beatable coating may 
depend on the flow velocity or Are rate of flow, in which case the information 



tndtcafive of the temperaftre of fte heatabfe coating may be used to derive 
mfonnation about the flow vdocity or flte tate of flow. Alternatively, ft. .empexaftre 
of the beatable coating may depend on the type of fte fluid, so tha, fte information 
mdteabve of fte temperature of fte beatable coating may be used to derive 
information about the type of the fluid. 

in one embodiment, fte beatable coating is provided as a layer around the 
outer surface of fte optieal fibre extending axially along fte optieal fibre. Thie allows 
heat to be dissipated from fte coating to fte fluid along fte lengft of fte fibre, so that 
a ftstnbuted measurement of flow ean be made. This fa useful for monitoring flow 
over distance, or for determimng fte positron of a particular anomaly somewhere in a 
system. 

The beatable coaffng may comprise electrically resistive material, and fte 
heateble coating fa heated by passing eleetrie eurren, ftrougb fte coafing Fibres 
coated with elecfrfcalfy resistive material are eommereially availab.e, or can be readify 
fabncafed Usin g elecuic current ft heat fte coafing fa a sfraighfforward and 
callable way of providing unffonn heating of fte coafing when i, fa arranged over 
fire fengftof fte fibre, so fta, beaf flux from fte coafing ,„ fte fluid omy depends on 
the fhud flow. This ensures fta. a distributed meaaurement bas fte same accuracy a. 
aU pomts along its fengft. For some appficafiona. fte optical fibre may be further 
provded with an electricauy insulating coating covering fte beatable coating 

Afternatively, fte beatable coating may comprise optically absorbing material 
and fte beatable coating fa heated by exposing the beatable coating to light a, a 
wavelengft fta, fa absorbed by fte optically absorbing material. The heafab.e coating 
may be exposed by injecting light a, a wavelengft fta. is absorbed by fte opticaUy 
absorbing material inte cladding of fte optical fibre. Thfs arrangement removes J 
need for electrical current, so f. provides a safer meftod, particularly as regards fte 
risk of explosion. 



The method may be performed such that the launching light, detecting light 
and processing the detected light comprises operating the optical fibre as a distributed 
temperature sensor. This is a known and reliable method of obtaining temperature 
measurements from an optical fibre that can be usefully combined with a beatable 
coated fibre to implement the present invention in a straightforward and simple 
manner, so as to provide distributed flow monitoring. 

The method may then comprise using the information indicative of the 
temperature of the heatable coating to derive information about the composition of the 
fluid. If some information about the expected flow pattern is known, differences or 
changes can indicate a change in fluid composition, since different fluids may arrive in 
the flow volume with different temperatures, and are also likely to have different 
thermal properties so that the rate of heat transfer from the heatable coating to the fluid 
will be different. For example, the information about the composition of the fluid may 
include at least one of the oil content, the gas content and the water content of fluid 
flowing in an oil well. 

Advantageously, in performing the method, the using the information 
mdxcatxve of the temperature of the heatable coating to derive information about the 
flow comprises identifying changes in temperature along the length of the fibre, such a 
change indicating the location of a change in the flow of the fluid. This is a 
particularly simple way of locating any change in flow of the fluid. 

The identifying changes in temperature may comprise locating positions of 
inflow or outflow of fluid in the vicinity of the optical fibre. The location of leaks into 
or out of a pipe can be remotely detected in this way. This can reduce the need for any 
extensive excavations or other investigations, thus saving time and money, and 
reducing damage. 

The method of monitoring fluid flow may therefore comprise a method of 
locating leaks, in which: the optical fibre is disposed within a leaking pipe; and the 
method further comprises, before heating the heatable coating: allowing fluid to flow 
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it r « r^ 6 idenafied is m b te — -p- to 
of tod flow> caused by a decrrased flow of ^ fluid ^ to j aon at 

, D osi«o Alt r avely ' idKl,ifyi,,8 chmges ta temperatoe »» 

posmons of any consmctions in flow. A constricnon, such as a blocfcage, or damage «o 

obs«ved a. the postuon of me constriction, snowing a Wn conaWCon to be 
located or a new or developing constriction to be identified. 

end * ^Tr 8 ,0 ' SeC ° nd - b0dta -^ fl » — «i is provided on a disM 

end fi*et of the opuca, fibre. «. arrangement aUows the coated fibre to be used to 
locabsed flow measmements, so tba, flow can be tnoni«ored a, a given position 

I«o : d ^ POS " i0nal W — » to * ~— «» a 

*stnbuted nteasnremem. IWs appmach ia therefore computation^ ,esa contplcc 

than the first embodiment, bn, pmvides less infonnafion fiom a singie measurement 
™ e hKrtabl = «** »ay comprise optically absorbing materia!, and me 

heaaMe coafing makes for a particniariy safe sensor, as mere is no requirement for 
etnren, in me vicinity of the measurement .ocation. Any need for j£ 
- anon is afco tbereby avoided, which can potency Iead to . _ ^ 
devtee beeanae me coating and the fluid can be in direct thennal contact 

mat ia TT!,!' ^ " ^ " ~ * *** * * ~gm 

ft- - absorbed by me opdcaUy absorbing materia, into a proxhna, end of me JL 

fibre Further, Punching hgh, into me optica, fibre preferab.y comprises iaun^ 
fte hgh, mto mi Qf ae opacal fibre _ ^ P ta. 

that ,s reflected, from the heamb.e coating. A finther advantage of an optica,^ 
ooatmg is hence that if Ugh, having a wave.ength which is on,y paruafly 



ft. coating is used ,o hea, the coating, the same Hgtt can be ^ , q 
temp^ture of the coating, making for . simplified ^ md ^ 

2T T T g '° temPera,Ure ° f " hea,able ^ coating 

may be selected to nave one or more Gerties ma, vaiy with temperature> ^ J 

refractive mde* or absorption, that will affect the reflected Ught. For example Z 
M ft. detected light tna y contprise meaauHng the ami of 
reflected from the beatable coating and using «. to obtain inflation relating tote 
» optical fcmlmeas of the heatob.e coating, where toe opticai thicks of.be h^M 
coating depends on its tetnperstnre. Tbns, ntonitoring of the now can be perfoZ 
merely by measuring the amount of reflect Krf* • perrormea 
a change in flow. ^ ""^ « 6 ™™° todi " te 

In one embodiment, me beatable coating is provided a, a single layer His is 
an^geonsly simple arrangement tha, is straightforwarf JJ^ ^ 
alternative arrangement, me beatable coating is provided as two .ayers one layer 
^opticaUy absorptive and one ,ayer bemg opticafly dependent I 

^ *° IayeK Cm to -acted to provide optimnm hewing 

and temperature measuring. ° 

Advantageonsly, the optica! flbre is disposed within a well bore. Optical flhre 

wefl bores, and, hemg compact do no, adversely affect me flow being measured 
^ acre are estabtished technics for dep.oying flhres into we., bores ma, can he 

industry flow monitor. 

A second aspee, of me present invention is directed to apparatus for 
monttonng fluid flow, comprising: an optica, flbre having a heatable eoa^g fl- 



dtsposmg » thermal contact with flowing fluid; a power source operable to heat the 
heatable coating so that hea, is tiansfetred font me coating to the fluid; an optical 
source operable to generate light and .aunch the light into the optical fibre- a 
photodetector operable to detect light from the optical fihre; and a processor operable 
to process flue detected Ugh, to obtain information indicative of the temperaune of dr. 
hea«able coating, where tire temperature of fire beatable coating depends on fire flow 
lb. processor may be Anther operable to derive information about the flow ftorn the 
information indicative of the temperature of the beatable coating 

The temperature of tire beatable coating may depend on the rate of flow or 
flow velocity, so that, the processor may be operable to derive information about the 
rate of flow or flow velocity from the information indicative of fire temperature of tire 
heatab.e coating. Alternatively or additional the temperature of me heafcble coating 
may depend on tire type of fluid, ao ma. the processor may be operable to derive 
^formation about the type of fluid ftorn fire information indicative of the temperature 
of the heatable coating. 

■ The beatable coating may be provided as a layer around fire outer surface of 
the optica, fibre extending axially along me optical fibre. The heatable coating may 
comprise electircally resistive materia^ and the power source may be an electiica. 
power source operable to hea, me beatable coating by passing electric cmren. finough 
me coating. The optica, fibre may be Anther provided with an e.ecricafly instating 
coating covering the heatable coating. 

Alternatively, the heatable coating may comprise optically absorbing material 
and fire power source may be an optica, power source operab.e to hea, me .heataMe' 
coating by exposing the heatab.e coating to tight a, a wavelength ma, is absorbed by 
fite optically absorbing materia.. Tne optical power source may be operab.e ,o injec, 
tight at fins wavelengm into cladding of me optical fibre. 

Advantageously, the optica, source, the photodetector and the-procesaor are 
operable to enable operation of me optica, fibre as a disputed .emperatirre sensor. 
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The processor may be operable to derive ^ ^ f 

tod fiom fcc Nation ^cauve of ^ tmpaatm ^ ^ P * 

abou, .be composition rf „ fluid may ^ a( ^» 
content, the gas content and tie water content of fluid flowing in an on weU The 
. Pressor may he ftuther operable to use the infection indicative of the tempi! 
of the heatabie coating to derive infotmation about «ne flow h y identifying chLtt 

^ge - the flow of the fluid. The identifying changes in tempemtures tna y oomple 
.oca, mg po Slh „n s of inflow or outflow of fluid in the vicinity of the optica, fibre 

The „s may be operable to iocate leaks, so that the flowing fluid flows 

ZTintoT 8 pipe; " " a ~ — * a ~ « * « 

flutd tnto tb, Plpe; md ffie prooessor „ ^ ^ ^ P 

~ m temperature with respect to the direction of fluid flow caused ^ 
decreased flow of the fluid after the position of a leak 

In an alternative, the identifying changes i„ .empemture ma y comprise locating 
Pythons of any constrictions in flow. pnse locatmg 

end of TZ " ^ ^ ^ Pn>ViCted ° n " ^ * • *« 
H ■ „„ ^ " -*« ™" «*M, absorbing 

ma en*, and tne P ower source may be an optica, P ower source operabto ,o heat 2 
heatahle coating by closing me beatable coating to Ugh, « a wavelengT^M 
absorbed by tue optically absorbing ntaterial. The optica, P ower source m" 

a wave,eagttl ttat is — * - « 

matena, ntto a pmxunal end of the optica, fibre. Further, the optical source may be 

op^leto 1 aunchli g b t h,vin g awave,en gft such ft a t i t i sre flec,edfton ltt ehZl 
coanngmto a proximal end of the optica, fibre. uneatable 

reflected^ TT ^ " * ~ «" ~ <* Ugh, 

reflected from tne beatable coating and use this to obtain information relating to £ 

.enrperatore of the beatable coafing. The processor may be operable to measu^ * 



amount of detected Kght reflected ^ „, „ ^ ^ ^ ^ 
nation gating to the optical of ^ ^ ^ 

thickness of the beatable coating depends on its temperature. 

fir one configuration, the beatable coating is M a 

. Amatively, the beatable coating may be provided as two layera, one la er belg 

opttcallyabaorphveandonelayerbeingopficallydependentontemperarure 
Advantageoualy, the optical fibre is deployed within a well bore 

fluid / ^ T' ° f * e present invenaon is " to a mefl » d ° f — g 

flutd flow m an ofiweiLcontpriaing: providing an optical fibre having a beatable 
coating; deploying the optica, fibre' downhole in an oi, well such tha, tire beatable 
coating ts » contact win, flowing fluid; heating tire heataMe coating so that 

heat ,s .referred from the coating to the fluid; launching tight into the optic* fibre- 
detecting ugh, from tire optica, fibre; processing the detected fight to obtain 
utformation indicative of tire temperature of the heatab.e coating, where ^ 

ZTTrV* heatable depends - * e flow; md "*« 

mdrcative of the temperatere of the heatab.e coating to derive information about the 

TTre heatable coating may be provided as a layer around tire outer surface of 
tire optica, fibre extending axiaHy along the optical fibre. Th. launching tight 
detecting hgh. and processing the detected tight may men be performed so as to obi 
reformation indicative of the temperature of the heataMe coating in the form of a 
dtstnbuted temperature profile over the length of the optical fibre 

the b Tr emb0dimeD '' *" ht0mati ° a ° f "» «-*—«• of 

the heateble coating to derive Information about me flow comprises identifying 

changes tn temperature with depth within the well boro, such a change indicatin^e 

Ration of a change in the flow of tire fluid, a. identifying changes in temper L 

may usefully comprise locating any constriction in me flow that causes an mcLe in 
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tfieflow of the fluid, md to locaang my fa ^ ^ 

looatmg any deposit of scale within the well bore. 

Furthennote, the method may further comprise using the 
■nd.caf.ve of the temperature of fhe heatable coating to derive information ahout Z 
co.pos.non of Ute fluid. Advantageous* the inflation ahou, the composition of 

oTr flM r at ,east ° ne ° f ae ° u tte gas — - * e — — * 

A fourth aspect of the present invention is directed to a method of detecting 

scale wtflnn a we,, bore, comprising; pK1 viding an optica, fibre having a heatab, 

coating; dep.oy.ng fhe optica, fibre downhoie wifhin a we„ bore so tha, the heatab.e 

coating is » therma, contact with fluid flowing within the well bore; heating the 
eatab, tog so ^ . ^ ^ ^ ^ S 

hgh, utto the oprica, fibre; detecting fight fan the optica, fibre; processing the 

detected fight to obtain infection indicative of any variation in temperatere of * 
h a^le coatmg w;th dep(i ^ ^ ^ ^ ^ ^ 

" ^ 1,16 " 0W ° f «" *** -perahne 
formation for any changes in temperature of the bearable coating with depth within 
me wen bore; and identifying any change in temperature with a change in fluid flow 
wttmn the well bore caused by scale deposition at that depth. 
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For a better understanding of the invention and to show how the same may be 
carried into effect reference is now made by way of example to the accompanying 
drawings in which: 

Figure 1 shows a transverse cross-sectional view of an optical fibre according to a 
first embodiment of the present invention; 

Figure 2 shows a graph of the variation of temperature difference between a 
heated coaling of the fibre of Figure 1 and flowing fluid in which it is placed, with 
velocity of the fluid; . 

Figure 3 shows a graph of the variation of electric current and voltage applied to 
a heatable coating of different lengths of the fibre of Figure 1; 

Figure 4 shows a representative spectrum of light emitted from the fibre of Figure 
1 when used as a DTS system; 

Figure 5 shows a representative distributed temperature profile obtained from the 
fibre of Figure 1 when used as a DTS system; 

Figure 6 shows fluid flow monitoring apparatus comprising the fibre of Figure 
1 arranged as a DTS system; 

Figure 7 shows a longitudinal cross-sectional view of the fibre of Figure 1 in 
use to monitor fluid flow; 

Figure 8 shows distributed temperature profiles obtained from the fibre of Figure 
1 when used as a DTS system to monitor fluid flow; 

Figure 9 shows a schematic view of an oil well having the fibre of Figure 1 
installed to monitor oil flow within a production tubing of the oil well; 

Figure 10 shows a schematic view of the fibre of Figure 1 in use as a leak 

locator; 

Figures 1 1 and 12 show schematic side views of an optical fibre according to a 
second embodiment of the present invention; 
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Figure 13 shows a schematic view of flow monitoring apparatus comprising 
the fibre of Figures 1 1 and 12; 

Figure 14 shows plots of the variation of optical power absorption with 
distance into a thin film coating on the fibre of Figures 11 and 12, for coatings with 
different optical absorption coefficients; 

Figure 15 shows a plot of the absorption coefficient of diamond-like carbon; 

Figure 16 shows a schematic view of a coated end of the fibre of Figures 11 " 
and 12 illustrating how incident light is reflected from the coating; 

Figure 1 7 shows a schematic view of the coated end of the fibre of Figures 1 1 
and 12 illustrating various heat fluxes that occur then the coating is heated; 

Figure 1 8 shows plots of the variation of optical power absorbed by the coating 
with temperature difference between the coating and a surrounding flowing fluid, for 
various fluids; 

Figure 19 shows plots of the variation of optical power absorbed by the coating 
with fluid flow velocity, for various fluids; and 

Figure 20 shows plots of the temperature difference between the coating and 
the fluid with flow velocity, for various fluids. 



-15- 

DETAILED DESCRIPTION 

FIRST EMBODIMENT 

A first embodiment of the present invention uses a coated optical fibre as an 
anemometer to achieve distributed fluid flow monitoring. That is, an indication of 
flow along the whole length of the fibre can be obtained. 

The invention relies on the cooling effect produced by fluid flowing over a 
surface that is hotter than the fluid. Heat is transferred from the surface to the fluid at a 
rate that depends on the flow velocity of the fluid; a faster flow carries more heat away 
from the surface. Thus, the surface is cooled. A measurement of the resulting surface 
temperature can therefore provide an indication of the flow velocity, with low 
temperatures corresponding to high flow velocity. 

Figure 1 shows a transverse cross-section through an optical fibre according to 
the first embodiment. The optical fibre 10 is a conventional fibre fabricated from 
silica, with a core surrounded by a cladding region 12 (the details of which are not 
shown). The fibre 10 has a heatable coating 14 arranged as a first layer surrounding 
the fibre 10. The heatable coating 14 extends substantially along the axial length of the 
fibre 10 over as great a distance as is of interest for flow monitoring. Finally, an outer 
layer or coating 16 of electrically insulating material is provided over the top of the 
heatable coating 14. 

According to the first embodiment, the heatable coating is heated electrically. 
Therefore, the heatable coating comprises an electrically resistive material that heats 
up when electric current is passed through it. Any material that behaves in this way 
and which canbe provided as a layer on an optical fibre can be used. Metal may be 
used; techniques for providing optical fibres with metallic coatings are known in art. 
Also, carbon hermetic is a suitable material. Fibre coated with carbon hermetic is 
commercially available, for example as product BF06287 from OFS in Avon, CT, 
USA, in which the carbon hermetic is intended to prevent chemical attack to the silica. 
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brfween . and 2 M^m, ,. 3 Mfi/m Bp06287 J 

poly^n e, to protect ^ fibre &om Ugh ^ wMch ~f 

electnca. tnsulahon. Al temativeIy , my eIecWcaUy ~ 

be used. For some ^ ^ 

unnecessary, and omitted. y r may be deemed 

When an electric current is passe4 through me resistive beatable coathm hea, 

^^^^^^^ 2T 

where d is me outer diameter of the fibre, / is me fibre length, and P is me 
electncal power deliver to me beadle coating, given by P - A 7wh e re / Z 
current and r is the resistivity of me coating. 6 
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The heat generated in the heatable coating is transmits t„ * 

to the flu*. The heat flux from the coating to the fluid, fc is gi V e n by . 
q2=Nu(kji/l)AT 

where ^ is the thermal conductivity of the ftniA at- ^ 

t . , u^uviry oi the fluid, AT is the temperature difference 



25 



v is the fluid velocity, p is the fluid density u is the fluid ^ • • - 

+T , ao . y ' ^ 1S me flujd dynamic viscosity and c is 

P 1000k ^3, A -0.001N S /m2,c.4000^ gK ,and i/ , = o.«W/m K 

" «■*- wben the heat fluxes balance, i.e. when „ = ?2 Using 
the above equations, it can be shown thatat eouilibriun, , 

is given by eqmhbnum, the temperature difference AT 



Ar= P/Nufynd 

Using the dependence of the Nusselt number on the fluid velocity it is 
• therefore possible to see how the temperature difference will vary with fluid velocity. 

Figure 2 shows a plot of this variation using water as an example fluid, when 
an electrical power of 1 mW is applied the heatable coating of an optical fibre with an 
outer diameter of 155 um. Note that the temperature difference is higher for lower 
fluid velocities. This is as expected, because a higher .fluid flow provides a larger 
volume of water to carry heat from the fibre, thus cooling the fibre and reducing the 
temperature difference. 

Continuing with this example, it is possible to calculate the current and voltage 
required to dissipate the 1 mW of electrical power in various lengths of fibre having a 
resistivity of 1.3 MQ/m. Figure 3 shows the results of this. Note that although the total 
voltage required can become quite high, the voltage per metre is low, as is the current. 

The above analysis demonstrates how the fluid flow past the fibre is related to 
the temperature difference between the heatable coating and the fluid. Thus, if the 
temperature of the coating is measured and/or monitored, it is possible to derive 
information relating to the flow. 

The use of optical fibres to measure temperature is well-established. One 
technique for obtaining a distributed measurement along the length of the fibre is 
known as distributed temperature sensing (DTS), and is used in this embodiment. 

To perform DTS, a pulse of light is generated from a light source and launched 
into one end of an optical fibre. The light propagates along the fibre, interacting with 
the material of the fibre at all points along the fibre length. This interaction produces a 
small amount of scattered light from Raman scattering. The Raman scattered fight is 
shifted in wavelength from the original pulse, and has an amplitude that varies with 
temperature of the fibre. 

Figure 4 shows an example spectrum of a pulse of light that has undergone 
Raman scattering, as a plot of wavelength X against intensity /. The dotted curve 
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regents the original puis. ,aunched into the fibre, and the solid curve represents the 
pulae after severing. The pu.se is great* broadened about the original centra, 
waveiength, and has two sidepeaks R, and R2 arising from the Raman scattering one 
on each 5 ide of fire centra, peak. These peaks have intensities * and / K tha, vary'with 
5 temperature, as indicated by the arrow in fire Figure. The short wavelengflt peak Rl is 
commonly used for DTS. 

Some of the Raman scattered fight is back-scattered back along me fibre 
towards me source, and is detected as i, is emitted from the fibre. The speed of light 
wtto the fibre is constant, so the amount of time between Uuneh of the pu.se and 
to detection of me back-scattered fight is proportiona, to the position along the fibre a. 
whtch dte scattering occurred. Thus, the output of the fibre over rime represents a 
***** I measurement, or profi le , over the entire iength of the fibre, with time 
correapondmg to distance and amplitude cotresponding to temperature. 

Rgure 5 is an example of such a distributed measurement, as a plot of 

iT^/^^^^^^^^^isHotiermanme 
dtatid end of the fibre, with a smooth tmnsi^ in ^ central portion rf ^ ^ 

Alternative DTS set-ups rely on the detection of changes in other optica, 
Phenomena and characteristics, such as BriUouin scattering, attenuation arising from 
mtcrobendmg and other Winducing factors, and interferometiic arrangements. 
However, the examp.e of Raman scattering win be retained in the remainder of mis 
description. 

For the purposes of the invention, i, is assumed tha. the temperamre of the 
fibre t s me same as that of the heated heataMe coating, or a, ,eaa, pmportiona, thereto, 
so tha, a mstnbuted temperature measurement of tins type can give an indication of 
25 the fluid flow past the fibre. 

dish* rr 6 k a ° f appaia,us f ° r <**«■» «* a 

dtstnbuted measurement from an optica, fibre with a heatab.e coating. An optica, 
source 20 ts operab.e to genetate pulses of figh, 22, which are coup.ed into a fir* 
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proximal, end of ttre optica, fibre 10. The optica! fibre 10 is provided with an optica! 
coupler 24 towards its first end which is arranged to couple back-scattered Ugh. arising 
fom Raman scattering on, of the fibre 10 (and hence away from the optical source 20) 
and «o a pho.ode.ee.or 26. The coupling k s traightforward «p achieve with known 
devtces such as a wavelength division multiplexer, b^ause of the difference in 
wave.ength between me original pulse and the Raman scattering. The photodetector 
26 generates a signal representing the amptitude of the detected tight, which is 
supphed to a dispUy device 28, which displays the signal for observation by a user if 
destred. A processor 30, such as a computer or suitab.e circuitry, is a!so provided and 
staged te receive me photedetecter signaj and procoss i, as desired, for example by 
performmg calculations to convert time into distance along the fibre, and looking for 
fiucmations in the amptitude of me de.ee.e4 light. Tins combination of display device 
28 and processor 30 is merely exemplary. Any preferred arrangement of data 
processus date storage, date display aad similar apparatus can be utilised aa required 
to obtain output torn the fibre in a desired form. 

Also comprised within the apparatus of Figure 6 is a power supply 32 
connected to titeheatab.e coating of the optica, fibre .0 and to ground, and operable to 
app y a voltage across the coating and thereby cause current to flow to heat the 
coating. Meters for measuring and/or controlling the cunont and voltage (not shown) 
can also be provided, to con.ro. the level of electrical power supphed to the coating 
Former, connections can optionally be provided between me processor 30 and the 
power supply 32 and meters, so mat, for example, the electiiea. power can be 
controlled m response to me temperature measurements, and/or me voltage and 
current measurements can be incorporated with optical date obteined from me fibre 

condu/ 0 m T to l flUi<i fl ° W ' ^ " d *- d — « * «*"»* 
condm. or stmtiar though whioh a fluid of interest is arranged ,„ flow. Voltage is then 

apphed to the heateble coating, so that heat is generated and transfen-ed to tire fluid 
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One or mora temperature profiles are obtained in the above-deseribed manner and 
studted for any ehangea or anomalies eansed by peeulxarities or alterations in the fluid 
flow. Thus the axial position of these flow features along me fibre length ean be 
determined. With a sufficient tag* of fibre, the entire extent of a partieular pipe can 
be shtdied. Alternatively, shorter fibre lengths oart be used to investigate sections of 
the pipe. 

Figure 7 is a schematic representation of a fibre 10 having a heated beatable 
coaung 16 disposed within a region of fluid having a flow anomaly. The generally 
horizontal lines represent fluid flow. Flow is greater at the left hand side 34 of the 
fibre (as drawn) than at the right hand side 36, owing to a fluid outflow 38 (such as a 
leak or a branch in a pipe) at the midway point. Thus, a smaller amount of heat 
(represented by the small vertical arrows) is transferred from the coating to the fluid at 
the nght hand side than at the left hand side. Heating of the coating is uniform over the 
fibre length, so that the heat transfer results in the left hand side of the fibre being 
cooler than the right hand side. 

Figure 8 is a representative temperature profile of the fibre of Figure 7 The 
solid line indicates the temperature over the fibre length, and shows the higher 
temperature at the right hand end. The position of the fluid outflow is evident from the 
step change increase in temperature at the central point of the fibre. 

Also shown- in Figure 8 is a dotted line showing a decrease in temperature at 
the nght hand end. This is the profile that would be obtained from an inflow of fluid at 
the central point of the fibre. The greater size of the step change compared to the solid 
hue shows that the inflow of fluid is greater than the outflow shown by the solid line 

A change can also occur if there is a narrowing or constriction in a pipe or 
conduit in which the fluid is flowing. A decrease in the width of the pipe will result in 
an mcreased flow, so that the coating temperature drops due to increased heat transfer 
Thus a decreasing change such as that represented by the dotted line in Figure 8 is 
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observed. This can be used to locate blockages or damage in the conduit, if it is 
reasonable to assume that no inflow is occurring. 

A fibre sensor according to the first embodiment can be used for monitoring 
flow in many situations. A fibre can be permanently deployed and used to take 
measurements periodically to detect any unexpected changes in flow, or to ensure that 
flow xs behaving as required. Alternatively, unexpected events can be specifically 
investigated by deploying a fibre in a particular pipe, and taking a measurement to 
determine the location and/or size of the problem. 

One application is the monitoring of the flow of oil, gas and water within the 
well bore of an oil well. The first embodiment is well-suited to this for several reasons 
Optxcal fibres are proven for downhole use in the oil industry, as they are robust 
compact, and can withstand the rigours of temperature and pressure that are found 
witiun a well bore. Further, the distributed aspect of this embodiment allows the full 
depth of a well to be monitored with a single fibre if necessary. The fibre can be 
deployed downhole and maintained in place over the long term to allow continuous 
momtonng, or can be arranged for short term deployment as and when required A 
stable technique for installing the fibre is to use high pressure fluid to pump it into a 
closed hydraulic system extending from the surface down into the well bore [6] 

Figure 9 shows a simplified schematic vertical cross-sectional view of an oil 
well, illustrating some basic features. The oil well, or well bore 40 comprises an outer 
casmg 42 sunk into the ground 44, and penetrating through a hydrocarbon reservoir 
46, the contents of which are to be extracted using the well 40. Disposed with the 
casmg 42 1S a production tubing 48, which is used to carry oil upwards from the 
reservoir 46 to the surface. The production tubing 48 is open at its lower end, and is 
held xs place within the casing 42 by a packer 52. A well head 50 is located at the top 
end of the production tubing 48, and contains equipment used to extract the oil such 
as pumpxng equipment and controls for valves and the like (not shown). Oil flows 
fiom the reservoir 46 into the casing 42 and then up the production tubing 48 by way 
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of perforations 54 extending through side walls of the casing 42 and into the reservoir 
46. 

Also shown in Figure 9 is an optical fibre instaUation for monitoring fluid 
flow, according to the first embodiment. An optical fibre with a beatable coating is 
5 arranged within a protective fibre deployment tube 56. The deployment tube 56 runs 
down the length of the inner surface of the production tubing 48, and is attached 
thereto by a number of fasteners 58. The deployment tube 56 preferably contains 
material that will ensure good thermal contact between the fibre within the 
deployment tube 56 and fluid flowing in the production tubing 48. The deployment 
10 tube and fibre may alternatively be arranged on the outer surface of the production 
tubing 48. In this case the deployment tube 56 should be fastened to the production 
tubing 48 in such a way as to give the required thermal contact between the fibre and 
the fluid, taking the wall of the production tubing 48 into account A control unit 60 
connected to the upper end of the optical fibre installation is provided outside the well 
15 bore 40. The control unit 60 contains equipment for operating the fibre sensor such as 
that shown in Figure 6, including a laser or similar optical source to generate light 
pulses for propagation along the fibre, a detector to detect back scattered light emitted 
from the fibre, a processor, and also fibre deploying apparatus to feed the fibre into the 
deployment tube 56, and extract it therefrom, such as the above-mentioned hydraulic 
20 system. 

Alternatively, the fibre can be arranged exterior to the casing 42. Also, the 
fibre may be deployed directly into the well bore without the use of a deployment 
tube, for example by fastening it (possibly in some kind of housing) to the tubing or 
casing as the well bore is constructed, so that the fibre is permanently installed. In 
25 addition, the fibre may be deployed as part of an intervention assembly into the well. 

Monitoring of the fluid flow in the production tubing is useful to maintain 
production volume and have warning of any problems arising within the well. The 
flow rate will vary with depth within the well, determined by factors such as influx of 
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oU, water or gas irom the various formations through which the weU bore passes, aud 
wtdenmgs and narrowings of the production tubing where valves and the like are 
positioned. Once the temperaWflow profile for reguiar operation of the well is 
estabhshen using the coated fibre, any changes car, be detected, and investigated if 
behoved significant For exampie, the onset of scale formation can clog perforations 
and narrow the production tubing, and hence reduce flow, as can failure of various 
components of the well bore. 

On the other hand, a build-up of scale within the production tubing will reduce 
the tubing diameter and hence increase the flow velocity at that locality. This will 
appear as a decrease in the temperature profile as described above with respect to 
Figure 8. Thus, monitoring for such changes can be used to detect scale deposits. Early 
identification of the onset of scale is very important, since scale deposition can 
proceed very rapidly and reduce oil production to little or nothing. 

A further application is the location of leaks. If the presence of a leak in a pipe 
or sumlar is known or suspected, it is beneficial to be able to pinpoint its location A 
technique for doing so utilising the first embodiment will now be described 

Figure 10 is a - schematic representation of a leaking pipe and apparatus 
according to the present invention in place for leak location. An underground pipe 70 
has a leak 72. The accessible ends of the pipe are connected by a further pipe 74 fitted 
with an input valve 76 and an output valve 78, and a pump 80 and a reservoir 82 
arranged between the valves 76, 78. The valves, pump and reservoir may already be in 
Place as part of a water management system, or alternatively these components can be 
temporarily installed for leak location to be carried out. 

Optical fibre flow monitoring apparatus comprises a coated optical fibre 84 
stored on a spool 86, a DTS unit 88 for operating the fibre as a distributed temperature 
sensor (containing an optical source, detector, etc as described above) and a variable 
power supply 90 to heat the coating. 
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To perform the leak location test, water (or an alternative fluid) is pumped into 
the pipe 70 using pump 80, and the optical fibre 84 is arranged through the length of 
the pipe 70, possibly also by pumping. The fibre 84 is coupled to the DTS unit 88, and 
also connected to the variable power supply 90. Once the pipe network is full of water, 
the pump 80 is stopped, and a temperature profile of the fibre 84 is recorded before 
any current is supplied to the heatable coating. The pump is then switched on, the 
input valve 76 opened and the output valve 78 closed. Thus all water pumped from the 
reservoir 82 to the pipe 70 feeds the leak 72, so that outflow from the pipe 70 via the 
leak 72 is significant. The fibre temperature is then continuously monitored while the 
pump 80 is operating. The power supply is switched on to cause current to flow 
through the heatable coating and heat it up, and the voltage and/or current is gradually 
increased until a clear discontinuity, or change, is evident in the temperature profile. 
This indicates the position of the leak 72. 

Fluid inflows and blockages can be located in a similar way. 

SECOND EMBODTMRMT 

A second embodiment of the present invention uses an alternative arrangement 
of an optical fibre having a heatable coating to monitor or measure fluid flow. In this 
example, the heatable coating is heated by optical power, and is positioned on an end 
facet of the fibre. This allows localised, single point measurements to be made. Also, 
the use of optical power to achieve the heating removes the requirement for electrical' 
power. 

Figure 1 1 is a schematic representation of an optical fibre sensor according to 
the second embodiment. An optical fibre 100 has an end 101 arranged to be placed in 
a fluid flow. The end 101 is the distal end of the fibre 100 with respect to the user, and 
has an end facet provided with a thin film coating 102. The coating is of a material 
that undergoes thermal expansion, so that its optical length (optical thickness of the 
coating) is a function of temperature. Thus a measurement of its optical length is an 
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mdmation of * temperature, which give, an indication of the flnid flow A ^ 
coohng effect of the fluid. The fibre end lOUs shown positioned in fl owiag fluid 104 
wrth the longmtdinal axis of the fibre 100 transverse to the direction of flow 

»?» 12 *• — »re 100 arranged in the orthogona, direction, ao 

that the axts of the fibre is parallel to the direction of flow. Either arrangement may be 



The second embodiment is ab,e to utilise optical aignala for both heating the 
beatable coating, and for deterntining the temperature of the beatable coating To 

TZTTTT ° ea, ° ^ m * M •** havi * * «— «• * 

17 * - " «*• " —heo into the proximal end of me 

fibre Thra hgh. tiavels along the fibre to the dista, end and is reflected from me 

^ " B *« *»* <-* along the fibre ,„ the proximal end 
where „ is emitted and detected. Tne coating acts as a Fabry Pero, etelon, ao ma, the 
-ount .of tight reflected depends on the optica, thicWs of the eating. This 

T77 tT ,emPeratUrc ^ 10 ' ' » «» — °™*h. 

detected a, me proximal end gives an indication of the temperature of the coating 

To use the beatable coating as a heating element, an optical signa! having a 
wavelengm for which the optica, absorption of the coating is high is .aunld into I 
are, propagates ajong and is absorbed by the coating, thus raising its temperature 
When p,aced m the flowing fluid of interest, the fina, temperature of the fihn depends 
on the temperature of the fluid and me fluid ve,ocity, owing to therms, ^ from 
the coating to the fluid. 

Sim, 1 " fibreCmbeUSed " m ~ MerbytajTCto ^ 0diff ^0P«ca, 
tgna, tnto me pmxmta, end: one to measure the temperature (a, a wavdengm having 
,ow absorption and me other to beat the thin fihn coating (a, a waveienglh having 
high absorption). Tne use of two different wave,engths simplifies detection of the tight 

: T 7^ ^ "* ~ ^ ^ - anyt 

the hgh. used for heating which may be baefceattered to the detector ftom points 
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within the fibre. Alternatively, a single optical signal can be used, having a 
wavelength which is partially absorbed by the coating and partially reflected. 

This embodiment of the invention can be operated in a similar manner to a hot 
wire anemometer, which also provides localised measurements, and can be similarly 
calibrated. 

Figure 13 is a schematic diagram of apparatus suitable for implementing the 
second embodiment of the invention. A fibre 110 having a heatable coating at its distal 
end (not shown) is provided, together with a first optical source 112 operable to 
generate fight at a wavelength A., having a high absorption in the heatable coating and 
a second optical source 1 14 operable to generate light at a wavelength X 2 having a low 
absorption in the heatable coating. The optical sources 1 12, 1 14 are arranged such that 
their outputs can each be coupled in the proximal end of the fibre 110, via an input 
optical coupler 116. 

An output optical coupler 118 is also provided, and arranged to couple fight at 
wavelength X 2 that has been reflected from the heatable coating out of the proximal 
end of the fibre 118, away from the optical sources 112, 1 14 and onto a photodetector 
120. The photodetector 120 generates a signal representative of the amount of light 
detected, which, as described, is indicative of the coating temperature, which is in turn 
indicative of the flow of fluid in which the distal end of the fibre is placed. The 
photodetector signal is passed to. a processor 122, that can be configured to perform 
Sanctions such as conversion of the signal into a desired form, storage of the signal, 
and comparison of the signal with previous signals to detect changes in flow. Also, the' 
processor 122 may possibly be connected to the optical sources 112, 114 to control 
when and how much light at each wavelength is launched into the fibre 110. Thus a 
folly automated system can be provided, that is operable to take and compare 
measurements at predetermined times, and possibly raise an alarm in the event of a 
particular flow event or pattern being detected. 
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In an alternative configuration, the optical sources 1 12 and 1 14 are replaced by 
a smgle optical source (not shown) operable to generate light at a wavelength that has 
an mtermediate absorption in the beatable coating, and that can hence be used for both 
heating and temperature measurement. 
5 The principle of operation of the sensor is now described, considering the case 

of separate wavelengths for heating and measuring temperature. 

The optical absorption coefficient *of a material, in this case the beatable thin 
film coating, is given by 

<z=(l/01n(/|,ff(/)) 

where /„ is the initial incident optical intensity and / is the distance into the material If 
the tntensity is considered to decay exponentially (a typical sitnation), the absorption 
coefficient is independent of the distance. The penetration depth D is defined as the 
dtstance within which die optical power fells to lie of its original value, given by D - 
1/a. The absorption coefficient typically varies with wavelength. 

Figure 14 shows a plot of the percentage of optical power absorbed by the 
coating as a Amotion of its thickness for two values of abaction coefficient cc 0 1 
Hm CD - 10 m) and 1 m - (p , , m > Ftom m ^ fce ^ ^ . f ^ 
example, the coating presents an absorption coefficient of 1 m ~' at a that wavelength 
X, and an absorption coefficient of 0.1 m < at a second wavelength X 2 light at 
wavelengflr X, eonld be used to heat the coating, while light at wavelength X 2 conld be 
used to measure the temperature of the coating. If the coating has a thickness of 2 jam 
Figure 14 indicates that the optical power absorbed wonld be more man 80% a, X, bo. 
less than 20% at X 2 . 

A suitable material for the beatable coating, showing die desired absorption 
characteristics, is diamond-Iiie carbon (DLQ. Figure 15 shows its absorption 
coefficient as a function of wavelengih. Thisgreater than 1 Mm"' at 780 mn, and drops 
offto a near constant lower level in the infrared so mat it is less man 0.1 urn- a , 1310 
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nm and 1550 .p. Inese wavelengths are generated by commercially avaUable 
semiconductor lasers. 

Other materials also have suitable absorption properties. Germanium is highly 
absorbing a, visible wavelengths and transparent a, infrared wavelengths. Materials 
*rch as zinc selenide present low absomtion in tire infrared, bn, absotption peaks can 
be unreduced by allowing the materia! to retain water so that OH ion resonanoe peaks 
are present. F 

"*» 16 *»"■ a detailed view of a fibre end 10! having a beatable eoating 
102. For tight used to measure tire coating temperate and incident on the coating 102 
fiom the fibre .00, the phase shift Educed by the coating, considered as a thin 
film, is given by 

S= (2*A>)[(«i + /?A7)(rfi + sAT)] + id ia /2 
where * is the thickness of the coating, „, is the refractive index of the coating Ac is 
the wavelengm of the light in a vacuum, a is the absorption coefficient, , - A^AZis 
the coefficient of thermal expansion of the coating, and ft - An/AT is the thermo- 
optical coefficient of the coating. 

In a dispersive material, in which the refractive index is wavelengur- 
dependent, me absotption coefficient is also wavelengtit dependent. Tne relationship 
between absorption coefficient and refractive index is given by the Kramers-Kronig 
equations for the material. A stronger variation of refractive index and hence optical 
togti. wtth temperamre may be obtained at wavelengths where there are variations of 
absotption coefficient with temperatitre and wavelengtit. TMs effect can provide a 
vanation of optica! path lengtit with tempemture a. regions of anomalous dispersion 

H. total electric field reflection coefficient for me coating a, temperature T 
depends on the phase shift Jand is given by 
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where r, represents reflection at the interface between the fibre 100 (with refractive 
index no) and the coating 102 (with refractive index «,), given by r x = („ 0 - „,)/(«<, + 
m), and r 2 represents reflection at the interface between the coating 102 and the 
adjacent medium, for example the fluid 104 (with refractive index « 2 ), given by r 2 = 
("i - « 2 )/(«! + » 2 ). See Figure 16, in which t\ and t 2 represent the transmission at the 
two interfaces. The reflectivity r 2 can be made approximately equal to -1 by covering 
the coating with a high reflection coating (such as by metallisation) or a layer of high 
refractive index material. The total optical power reflection coefficient R T is given by 
Rt= \r T \ 2 . 

Zinc selenide, suggested above as a suitable coating material, has a high 
thermo-optic coefficient, p = 10" 4 . Taking the example of light generated from a 20 
mW laser diode operating at 780 nm, and a zinc selenide film of thickness 2.4 urn, a 
variation of reflected optical power with temperature of 1.75 nW/°C is expected. 1.75 
fJ-W is an amount of light that is detectable using standard photodiodes and electronics, 
so that coating temperature variations of 1°C and above can be detected using 
conventional equipment. 

The mathematical principles behind the thermal operation of the second 
embodiment are similar to those presented above for the first embodiment. Figure 17 
is a schematic representation of a coated fibre end immersed in fluid, showing the 
relevant factors. The fibre and fluid are assumed to have a temperature T x , and the 
heated coating a temperature T 2 . A heat flux q x is provided to the coating by the 
incident heating light, a heat flux q 2 is the heat transfer from the coating to the fluid 
and a final heat flux g 3 flows from the coating to the fibre. 

qx depends on the optical power P a absorbed by the coating, according to 

q\ =Pa/nr2 

where r is the fibre core radius. This assumes that most of the absorbed optical power 
is transformed into heat. 
qz is given by 
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q 2 = ^n(k/d)AT 

where k f is the thermal conductivity of the fluid, d is the fibre cladding diameter and 
AT= T\ - T 2 . 

<73 may be neglected for a silica fibre, because the thermal conductivity of 
5 silica is low. However, it is included here for the sake of completeness, assuming that 
the temperature of the fibre is the same as that of the fluid at a distance of one fibre 
diameter from the fibre end.. Thus, 
q3=Nu s (k s /d)AT 

where k s is the thermal conductivity of the fibre, and Nu s is the Nusselt number for a 
10 flat solid (Nus = 1). 

At equilibrium, the optical power absorbed by the coating to maintain a 
temperature difference Arbetween the film and the fluid can hence be shown to be 
P a = (AT(nr 2 )/d)(Nufy+ Nu^) 

Figure 18 shows a graph of the optical power P a absorbed by the coating as a 
function of the temperature difference, for a fluid velocity of 5 m/s, for water (upper 
curve), oil (middle curve) and air (lower curve). 

Figure 19 shows a graph of the optical power P a as a function of the fluid 
velocity if P a is controlled in order to maintain a constant temperature difference of 
1°C, again for water (upper curve), oil (middle curve) and air (lower curve). 

Figure 20 shows a graph of the temperature difference as a function of fluid 
velocity, resulting from optical power absorbed by the heatable coating of 1 mW, for 
air (upper curve), oil (middle curve) and water (lower curve). From this is can be seen 
that temperature variations above 1°C are readily obtainable, even for relatively 
rapidly flowing fluid having a high cooling effect, such as water. 

The data shown in Figures 18, 19 and 20 were derived using parameters as 
follows: 

Fibre: /- = 50 x 10" 6 m; d= 125 x 10" 6 m 
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Air: ^= 24 x 10' 3 Wartr 1 ; /i- 18 x 10" 6 Nsm' 2 ; p= 1.29 kgm' 3 ; c = 1000 Jkg 
Water: k f = 0.61 WmV; ^ = 1 x 10' 3 Nsm 2 ; p = 1000 kgrn 3 ; c = 4000 Jkg 

i K -i 

Oil: k f = 0.13 Wm-'K" 1 ; // = 2.5 x 10" 3 Nsm' 2 at T = 25°C; p = 900 kgrn 3 ; c = 
1700 Jkg^K" 1 

Thus it is possible via the second embodiment to provide a fibre anemometer 
that can be operated at readily available wavelengths by using optical signals for both 
heating and measurement. Aparticular advantage is the absence of electric currents, so 
that the sensor can be safely operated in environments in which the risk of explosion is 
high without the need for electrical insulation, which can be bulky, can inhibit 
operation of the insulated device, and may foil. This is particularly advantageous for 
use in the oil industry. A fibre sensor according to the second embodiment can be 
permanently maintained within a well bore at a specific location of interest, to detect 
any changes in flow velocity at that location. Alternatively, the sensor can be 
introduced into the well bore when a measurement is required, or can be moved 
between locations to obtain a series of measurements. Also, the use of optical fibre, 
which is available in great lengths, allows localised measurements to be made at 
remote locations. Of course, a device according to the second embodiment can 
similarly be used to measure for other flow measurement applications, for monitoring 
of any kind of fluid. 

FURTHER EMBODIMENTS 

Two specific embodiments have been described hereabove in detail. However, 
different configurations of optical fibres with heatable coatings are also contemplated, 
such as an electrically heated end coating, powered via wires running along the outer 
surface of the fibre. Conversely, optical heating may be employed to heat a 
longitudinal surface coating. To achieve this, the coating should be optically absorbing 
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at a given wavelength, and light at this wavelength can then be launched at relatively 
high power into the cladding of the fibre. Optical loss from the cladding will allow 
light to transfer to the coating, where it will be absorbed, resulting in heating of the 
coating. 

With regard to the configuration of the second embodiment, with an optical 
thin film coating over the distal end facet of the fibre, the temperature may be 
monitored using optical characteristics other than optical path length. For instance, 
some materials have an index of refraction or an absorption coefficient that varies with 
temperature and which will modify the reflected light. Thus, optically interrogating the 
coating so as to detect changes in these parameters will reveal changes in temperature 
indicative of flow changes. 

As described with respect to the second embodiment, the end facet coating is a 
single layer with both the absorptive and reflective qualities needed for heating and 
temperature measurement. However, this may alternatively be achieved by providing 
the coating in two layers, one performing the reflective function and the other the 
absorbing function. This means that the materials for the two layers can be 
individually selected to provide particularly advantageous absorption and reflection 
properties. The coating may thereby be better matched to a particular wavelength or 
wavelengths that are desired for use in the fibre sensor. 

In a further embodiment, the distal end facet of the fibre is cut or formed to 
have a specific shape before the coating is applied, in contrast to the simple transverse 
cleave shown in Figures 1 1 and 12. For example, the fibre end may be cleaved at an 
angle, or it may be ground or otherwise machined into a curved, rounded profile. 
Shaping in this way may be used to tailor the optical behaviour of the fibre, such as 
the reflective or focusing properties of the fibre end, so that the heating and 
temperature measuring functions can be optimised for particular operating conditions.' 

It is also possible in some cases to use the various embodiments of the sensor 
apparatus to infer the type, composition or other properties of the fluid being 
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monitored. In the case of a fibre deployed within an oil well in a completion with a 
geological structure in which the positions of inflows and potential inflows are known, 
inflows of various fluids (oil, gas and water) can be identified by the fact that they are 
likely to have different temperatures and hence will produce different amounts of 
cooling of the heatable coating. Thus, continuous monitoring can be used to detect 
gradual or sudden changes in fluid identity. This can pick up any sudden and 
unwanted influx of water, for example. Also, the various fractions of oil, gas and 
water in the overall fluid composition can be inferred. The so-called oil content ratio, 
being the proportion of oil compared to the fluid as a whole (and similarly for gas and 
water) is an important parameter required for efficient oil production management. 

Coatings, both end and surface, that can be heated by methods other than the 
application of electrical or optical power may be used, for example, coatings that heat 
up in response to exposure to acoustic or non-optical frequency electromagnetic 
energy. Also, , outer surface and end facet coating embodiments may be combined, to 
provide a single fibre anemometer operable to provide both distributed and localised 
readings. 
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CLAIMS 

1 . A method of monitoring fluid flow comprising: 

providing an optical fibre having a heatable coating; 

disposing the optical fibre so that the heatable coating is in thermal contact 
with flowing fluid; 

heating the heatable coating so that heat is transferred from the coating to the 

fluid; 

launching light into the optical fibre; 
detecting light from the optical fibre; 

processing the detected light to obtain information indicative of the 
temperature of the heatable coating, where the temperature of the heatable coating 
depends on the flow; and 

using, the information indicative of the temperature of the heatable coating to 
derive information about the flow. 

2. A method according to claim 1, in which the temperature of the heatable 
coating depends on the rate of flow or flow velocity, and the information indicative of 
the temperature of the heatable coating is used to derive information about the rate of 
flow or flow velocity. 

3. A method according to claim 1, in which the temperature of the heatable 
coating depends on the type of fluid, and the information indicative of the temperature 
of the heatable coating is used to derive information about the type of fluid. 

4. A method according to any one of claims 1 to 3, in which the heatable coating 
is provided as a layer around the outer surface 'of the optical fibre extending axially 
along the optical fibre. 



5. A method according to claim 4, in which the heatable coating comprises 
electrically resistive material, , and the heatable coating is heated by passing electric 
current through the coating. 

5 

6. A method according to claim. 5, in which the optical fibre is further provided 
with an electrically insulating coating covering the heatable coating. 

7. A method according to claim 4, in which the heatable coating comprises 

10 optically absorbing material, and the heatable coating is heated by exposing the 

heatable coating to light at a wavelength that is absorbed by the optically absorbing 
material. 

8. A method according to claim 7, in which the heatable coating is exposed by 
15 injecting light at a wavelength that is absorbed by the optically absorbing material into 

cladding of the optical fibre. 

9. A method according to any one of claims 4 to 8, in which the launching light, 
detecting light and processing the detected light comprises operating the optical fibre 

20 as a distributed temperature sensor. 

10. A method according to claim 9, comprising using the information indicative of 
the temperature of the heatable coating to derive information . about the composition of 



25 



the fluid. 



11. A method according to claim 10, in which the information about the 
composition of the fluid includes at least one of the oil content, the gas content and the 
water content of fluid flowing in an oil well. 
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12. A method according to any . one of claims 9 to 11, in which the using the 
information indicative of the temperature of the heatable coating to derive information 
about the flow comprises identifying changes in temperature along the length of the 
fibre, such a change indicating the location of a change in the flow of the fluid. 

13. A method according to claim 1, in which the launching light, detecting light 
and processing light comprises operating the optical fibre as a distributed temperature 
sensor, and the using the information indicative of the temperature of the heatable 
coating to derive information about the flow comprises identifying changes in 
temperature along the length of the fibre, such a change indicating the location of a 
change in the flow of the fluid. 

14. A method according to claim 12 or claim 13, in which the identifying changes 
in temperature comprises locating positions of inflow or outflow of fluid in the 
vicinity of the optical fibre. 

15. A method according to claim 14, in which the monitoring fluid flow comprises 
locating leaks, in which: 

the optical fibre is disposed within a leaking pipe; and the method further 
comprises, before heating the heatable coating: 

allowing fluid to flow into the pipe; and 

any change identified is an increase in temperature with respect to the direction 
of fluid flow, caused by a decreased flow of the fluid after the position of a leak. 

16. A method according to claim 12 or claim 13, in which the identifying changes 
in temperature comprises locating positions of any constrictions in flow. 



-38- 



17. A method according to any one of claims 1 to 3, in which the hcatable coating 
is provided on a distal end facet of the optical fibre. 

18. A method according to claim 17, in which the heatable coating comprises 
optically absorbing material, and the heatable coating is heated by exposing the 
heatable coating to light at a wavelength that is absorbed by the optically absorbing 
material. 

19. A method according to claim 18, in which the heatable coating is exposed by 
injecting light at a wavelength that is absorbed by the optically absorbing material into 
a proximal end of the optical fibre. . 

20. A method according to any one of claims 17 to 19, in which launching light . 
into the optical fibre comprises launching the light into the proximal end of the optical 
fibre, the light having a wavelength such that it is reflected from the heatable coating. 

21. A method according to claim 20, in which the processing the detected light 
comprises measuring the amount of detected light reflected from the heatable coating 
and using this information to obtain information relating to the temperature of the 
heatable coating. 

22. A method according to claim 20, in which the processing the detected light 
comprises measuring the amount of detected light reflected from the heatable coating 
and using this to obtain information relating to the optical thickness of the heatable 
coating, where the optical thickness of the heatable coating depends on its 
temperature. 
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23. A method according to any one of claims 17 to 22, in which the heatable 
coating is provided as a single layer. 

24. A method according to any one of claims 17 to 22, in which the heatable 
coating is provided as two layers, one layer being optically absorptive and one layer 
being opticallydependent on temperature. 

25. A method according to any preceding claim, in which the optical fibre is 
disposed within a well bore. 

26. Apparatus for monitoring fluid flow, comprising: 

an optical fibre having a heatable coating for disposing in thermal contact with 
flowing fluid; 

a power source operable to heat the heatable coating so that heat is transferred 
from the coating to the fluid; 

an optical source operable to generate light and launch the light into the optical 

fibre; 

a photodetector operable to detect light from the optical fibre; and 

a processor operable to process the detected light to obtain information 

indicative of the temperature of the heatable coating, where the temperature of the 

heatable coating depends on the flow. 

27. Apparatus according to claim 26, in which the processor is further operable to 
derive information about the flow from the information indicative of the temperature 
of the heatable coating. 



28. Apparatus according to claim 27, in which the temperature of the heatable 
coating depends on the rate of flow or flow velocity, and the processor is operable to 
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derive information about the rate of flow or flow velocity from the information 
indicative of the temperature of the heatable coating. 



29 



Apparatus according to claim 27, in which the temperature of the heatable 
coatmg depends on the type of fluid, and the processor is operable to derive 
information about the type of fluid from the information indicative of the temperature 
of the heatable coating. 

30. Apparatus according to any one of claims 26 to 29, in which the heatable 
10 coatmg is provided as a layer around the outer surface of the optical fibre extending 

axially along the optical fibre. 

31. Apparatus according to claim 30, in which the heatable coating comprises 
electrically resistive material, and the power source is an electrical power source 

15 operable to heat the heatable coating by passing electric current through the coating. 

32. Apparatus according to claim 3 1, in which the optical fibre is further provided 
with an electrically insulating coatmg covering the heatable coating. 



20 33. Apparatus according to claim 30, in which the heatable coating comprises 
opfically absorbing material, and the power source is an optical power source operable 
to heat the heatable coating by exposing the heatable coating to light at a wavelength 
that is absorbed by the optically absorbing material. 

25 34. Apparatus according to claim 33, in which the optical power source is operable \ 
to inject light at a wavelength that is absorbed by the optically absorbing material into \ 
cladding of the optical fibre. i 
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35. Apparatus according to any one of claims 29 to 34, in which the optical source, 
the photodetector and the processor are operable to enable operation of the optical 
fibre as a distributed temperature sensor. 

5 36. Apparatus according to claim 35, in which the processor is operable to derive 
information about the composition of the fluid from the information indicative of the 
temperature of the heatable coating. 

37. Apparatus according to claim 36, in- which the information about the 
10 composition of the fluid includes at least one of the oil content, the gas content and the. 

water content of fluid flowing in an oil well. 

38. Apparatus according to any one of claims 35 to 37, in which the processor is 
further operable to use the information indicative of the temperature of the heatable 

15 .coating to derive information about the flow by identifying changes in temperature 
along the length of the fibre, such a change indicating the location of a change in the 
flow of the fluid. 
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39. Apparatus according to claim 26, in which the optical source, the photodetector 
and the processor are operable to enable operation of the optical fibre as a distributed 
temperature sensor, and the processor is further operable to use the information 
indicative of the temperature of the heatable coating to derive information about the 
flow by identifying changes in temperature along the length of the fibre, such a change 
indicating the location of a change in the flow of the fluid. 

40. Apparatus according to claim 38 or claim 39, in which the identifying changes 
m temperatures comprises locating positions of inflow or outflow of fluid in the 
vicinity of the optical fibre. 
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41 . Apparatus according to claim 40, and operable to locate leaks, in which: 

the flowing fluid flows within a leaking pipe; and the apparatus further 
comprises: 

5 a pump operable to pump fluid into the pipe; and 

the processor is further operable to identify any change increase in temperature 
with respect to the direction of fluid flow, caused by a decreased flow of the fluid after 
the position of a leak. 

10 42. Apparatus according to claim 38 or claim 39,,in which the identifying changes 
in temperature comprises locating positions of any constrictions in flow. 

43. Apparatus according to any one of claims 26 to 29, in which the heatable 
coating is provided on an end facet at a distal end of the optical fibre. 

15 

44. Apparatus according to claim 43, in which the heatable coating comprises 
optically absorbing material, and power source is an optical power source operable to 
heat the heatable coating by exposing the heatable coating to light at a wavelength that 
is absorbed by the optically absorbing material. 

20 ' 

45. Apparatus according to claim 44, in which the optical power source is operable 
to inject light at a wavelength that is absorbed by the optically absorbing material into 
a proximal end of the optical fibre. 

25 46. Apparatus according to any one of claims 43 to 45, in which the optical source 
is operable to launch light having a wavelength such that it is reflected from the 
heatable coating into a proximal end of the optical fibre. 
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47. Apparatus according to claim 46, in which the processor is operable to measure 
the amount of detected light reflected from the heatable coating and use this to obtain 
information relating to the temperature of the heatable coating. 

48. Apparatus according to claim 46, in which the processor is operable to measure 
the amount of detected light reflected from the heatable coating and use this to obtain 
information relating to the optical thickness of the heatable coating, where the optical 
thickness of the heatable coating depends on its temperature. 

49. Apparatus according to any one of claims 43 to 48, in which the heatable 
coating is provided as a single layer. 

50. Apparatus according to any one of claims 43 to 48, in which the heatable 
coating is provided as two layers, one layer being optically absorptive and one layer 
being optically dependent on temperature. 

51. Apparatus according to any one of claims 26 to 50, wherein the optical fibre is 
deployed within a well bore. 

52. A method of monitoring fluid flow in an oil well, comprising: 
providing an optical fibre having a heatable coating; 

deploying the optical fibre downhole in an oil well such that the heatable 
coating is in thermal contact with flowing fluid; 

heating the heatable coating so that heat is transferred from the coating to the 

fluid; 

launching light into the optical fibre; 
detecting light from the optical fibre; 
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processing the detected light to obtain information indicative of the 
temperature of the heatable coating, where the temperature of the heatable coating 
depends on the flow; and 

using the information indicative of the temperature of the heatable coating to 
5 derive information about the flow. 

53. A method according to claim 51, in which the heatable coating is provided as a 
layer around the outer surface of the optical fibre extending axially along the optical 
fibre. 

10 

54. A method according- to claim 53, in which the launching light, detecting light 
and processing the detected light is performed so as to obtain the information 
indicative of the temperature of the heatable coating in the form of a distributed 
temperature profile over the length of the optical fibre. 

15 

55. A method according to any one of claims 51 to 54, in which the using the 
information indicative of the temperature of the heatable coating to derive information 
about the flow comprises identifying changes in temperature with depth within the 
well bore, such a change indicating the location of a change in the flow of the fluid. 

20 

56. A method according to claim 55, in which the identifying changes in 
temperature comprises locating any constriction in the flow that causes an increase in 
the flow of the fluid. 

25 57. A method according to claim 56, in which the locating any constriction in the 
flow comprises locating any deposit of scale within the well bore. 
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58. A method according to any one of claims 52 to 57, and further comprising 
using the information indicative of the temperature of the heatable coating to derive 
information about the composition of the fluid. 

59. A method according to claim 58, in which the information about the 
composition of the fluid includes at least one of the oil content, the gas content and the 
water content of the fluid. 

60. A method of detecting scale within a well bore, comprising: 
providing an optical fibre having a heatable coating; 

deploying the optical fibre downhole within a well bore so that the heatable 
coating is in thermal contact with fluid flowing within the well bore; 

heating the heatable coating so that heat is transferred from the coating to the 

fluid; 

launching light into the optical fibre; 
detecting light from the optical fibre; 

processing the detected light to obtain information indicative of any variation 
in temperature of the heatable coating with depth within the well bore, where the 
temperature of the heatable coating depends on the flow of the fluid; 

monitoring the temperature information for any changes in temperature of the 
heatable coating with depth within the well bore; and 

identifying any change in temperature with a change in fluid flow within the 
well bore caused by scale deposition at that depth. 



61. A method of monitoring fluid flow substantially as described herein with 
reference to the accompanying drawings. 
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62. Apparatus for monitoring fluid flow subtantially as described herein with 
reference to the accompanying drawings. 

63. A method of monitoring fluid flow in an oil well substantially as described 
herein with reference to the accompanying drawings. 

64. A method of detecting scale within a well bore, substantially as described 
herein with reference to the accompanying drawings. 
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ABSTRACT 

FTIJID FLOW MEASUREMENT 

5 A method of monitoring fluid flow uses an optical fibre having a heatable 

coating. The fibre is disposed within flowing fluid, and the heatable coating heated so 
that heat is transferred from the coating to the fluid. Optical measurements of the 
temperature of the heatable coating are made, where the temperature of the heatable 
coating depends on the flow velocity of the flowing fluid, and the temperature 

10 measurement is used to derive information about the flow. The coating may be an 
electrically resistive layer on the outer surface of the fibre, that is heated by passing 
electric current through it. This allows distributed flow measurements to be made. 
Alternatively, discrete measurements can be made if the coating is provided as a thin 
filin layer on an end facet of the fibre. The coating is heated by directing light at a 

15 wavelength absorbed by the thin film material along the fibre. 
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